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FIELD EMITTER BEAM SOURCE AND METHOD FOR CONTROLLING A 

BEAM CURRENT 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims benefit of co-pending European patent application 
Serial No. BP 02 027 286.0 filed December 6, 2002. and is herein incorporated by 
reference in its entirety. 

BACKGROUND OF THE INVENTION 
Field of the Inviention 

[0002] The invention relates to a field emitter beam source to emit a beam 
current and a method for controlling a beam current. The invention also relates to 
an array of field emitter beam sources. 

Descriptioh of the Related Art 

[0003] Field emitter beam sources are devices to generate beams of electrons 
for applications like electron microscopy, electron beam pattern generators and 
display technology. A field emitter beam source emits electrons at the tip of a 
needle (emitter tip) due to a voltage applied between the emitter tip and an 
extraction electrode. With a small radius of the emitter tip, even a moderate voltage 
between the emitter tip and the extracting electrode creates an electric field at the 
emitter tip that is large enough to extract electrons from the emitter tip into vacuum 
to form an electron beam. 

[0004] It has been predicted that field emitter beam sources will replace thermal 
electron beam sources in many applications due to their higher brightness and 
smaller spot size. However, field emitter beam sources are disadvantageous in that 
their beam current stability is poor compared to thermal electron beam emitters. 
The reason for the beam instability of field emitters is that the radius of the emitter 
tip is usually so small (typically a few tens of nanometers or less) that the electric 
field at the tip of the emitters varies significantly when the surface of the emitter tip 
becomes contaminated or changes due to chemical or physical processes during 
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operation. As a consequence, the ennitter beann current fluctuates significantly even 
if the voltage between extracting electrode and emitter is kept constant. However, 
for most electron beam devices it is essential to have a controlled electron beam 
exposure of a specimen in order to obtain an even patterning of the specimen, or a 
good image contrast when the specimen is Inspected. 

[0005] It is one of the advantages of field emitter beam sources over 
conventional thermal emitters like tungsten hairpin filaments that field emitter beam 
sources can be fabricated in arrays by using micromechanical processing 
techniques. Arrays of integrated field emitter beam sources are also known as 
micro field emitter arrays. Such arrays may have thousands or even millions of 
emitter tips with a pitch in the range of only a few micrometers or below. Using large 
arrays of integrated field emitter beam sources is particularly promising in the field of 
electron beam lithography. While electron beam lithography offers a potential for 
much higher spatial resolution capabilities than, e.g., masking technology, it 
presently suffers from low throughput due to the lengthy process of one beam 
"writing" a structure. With multiple electron beams in parallel however, electron 
beam lithography can achieve a throughput which one day may enable it to replace 
present masking technology. 

[0006] However, the requirement to stabilize the beam currents of not only one 
but of a large array of field emitter beam sources poses even larger problems since 
each field emitter beam source has a different current-voltage behavior due to the 
high sensitivity to fabrication irregularities. Further, for each field emitter beam 
source, the current-voltage behavior may change over time which makes it even 
harder to provide an even electron exposure over the specimen. One way to 
improve the beam current stability is to control the beam current electronically by 
using a current source circuit for each emitter. A current source is capable of 
providing a constant beam current independent of a contamination or deformation of 
the emitter, since with a current source, the voltage between the extracting electrode 
and the emitter is free to adjust itself to a value where the current tunneling through 
the emitter surface-vacuum barrier (Schottky-Barrier) matches the current provided 
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by the current source. Current source circuits that control the current through a field 
emitter are known, e.g. from US 5,359,256. There, the drain of a field effect 
transistor (FET) is connected to a field emitter, and the current through the emitter is 
controlled by the voltage between the gate and the source of the FET. 

[0007] The patterning of a specimen by means of an electron beam is usually 
performed by a scan where the beam current of electrons is switched on and off 
when it is directed from one spot on the specimen to the next. This requires the field 
emitter beam sources to generate fast beam current pulses in order to scan a 
specimen with high spatial resolution within a reasonable time. Therefore, the 
beam current pulses should have short rise and fall times in the range of a few 
nanoseconds or less in order to meet standard throughput requirements. However, 
with present field emitter beam source arrays that use current sources for beam 
current control, it is impossible to achieve such fast rise and fall times due to the 
inherently limited current of the current sources and the unavoidable parasitic 
capacitances, Cp which are in parallel with the current source and which have to be 
charged and discharged for each beam current pulse. 

[0008] As an example, the time At for charging a parasitic capacitance, Cp, of 
typically 10 fF with a current source providing a beam current, Ie, of typically 10 nA 
to provide a switching voltage AU=5 Volt to switch on the beam current Ie can be 
estimated to be At=5 [jm, using the relationship At =Ce AU/Ie- Obviously, 5 jjrn is 
much too long for practical use. However, it is difficult to decrease the charging 
time, since it is difficult to (a) reduce the voltage AU, i.e. the voltage change 
necessary to switch on the beam current from zero to a beam current of a few 
nanoamperes; (b) reduce the parasitic capacitance Cp, which represents the stray 
capacitance of the emitter when it is connected with the current source; or (c) 
increase the current Ie without worsening the focussing quality of the electron beam. 
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SUMMARY OF THE INVENTION 

[0009] It is therefore an object of the present invention to provide an improved 
field emitter beam source, an improved field emitter beam source array, an improved 
electron beam device and a method for generating beam current pulses which do 
not show the above mentioned disadvantages. 

[0010] In particular, it is an object of the present invention to provide an improved 
field emitter beam source, an improved field emitter beam source array, an Improved 
electron beam device and an improved method for generating beam current pulses 
that Is able to structure or Inspect a specimen with high throughput and high 
precision. 

[0011] It is another object of the present invention to provide an Improved field 
emitter beam source, an improved field emitter beam source array, an improved 
electron beam device and an improved method for beam current pulses that Is able 
to structure or inspect a specimen homogeneously. 

[0012] According to one aspect of the present invention, an improved field emitter 
beam source Is provided as specified in independent claim 1. According to a 
second and third aspect of the present invention, improved field emitter beam 
source arrays are provided as specified in the independent claims 15 and 16. 
According to a fourth aspect of the present invention, an electron beam device Is 
provided as specified In independent claim 26. According to a fifth aspect of the 
present invention, a method for generating beam current pulses is provided as 
specified in independent claim 27. 

[0013] Further advantages, features, aspects, and details of the invention are 
evident from the dependent claims, the description and the accompanying drawings. 
The claims are Intended to be understood as a first non-limiting approach of defining 
the invention In general terms. 

[0014] Therefore, a field emitter beam source is provided having an emitter, an 
extracting electrode to extract a beam current from the emitter, and a current source 
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for providing a predetermined beam current Ieo- The current source is further 
coupled to a first voltage source. If the first voltage source is directly connected with 
the current source, the first voltage source can be made to provide a first voltage Ua 
between the emitter and the extracting electrode to switch on the beam current Ie. 
The field emitter beam source further comprises a first switch S1 for disconnecting 
the first voltage source from the current source. In this case, the current source can 
be made to provide a constant beam current for the field emitter beam source. The 
present invention therefore provides a field emitter beam source that is capable of 
providing a predetermined beam current Ieo that is given by the beam current Is of 
the current source, and, after switching the first switch S1, of providing a beam 
current Ie that is given by the first voltage provided between the emitter and the 
extracting electrode. 

[0015] Voltage control mode and current control mode both have advantages and 
disadvantages for generating a beam current with a field emitter beam source. For 
example, voltage control enables the beam current to be switched on quickly due to 
the large current that a voltage source can provide at a constant voltage. However, 
a voltage control is poor in providing a stable, predetermined beam current for a field 
emitter beam source due to the high sensitivity of the beam current to unavoidable 
contamination or deformation of the emitter and extracting electrode. Current 
control, in contrast, enables the field emitter beam source to emit electrons having a 
stable, predetermined beam current that is essentially independent of contamination 
or deformation of the emitter. However, the current source is slow in switching on a 
beam current due to its inherently limited current. 

[00161 The present invention is therefore based on the idea to combine the 
advantages and avoid the disadvantages of both operational modes. More 
precisely, the present invention can be seen in the provision of a field emitter beam 
source that can quickly be switched from a voltage control mode to a current control 
mode and vice versa while providing a predetermined beam current Ieo in both 
modes. 
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[0017] The present invention is also based on the idea to use a current source as 
a calibration means to determine a required emitter voltage Ueo- The required 
emitter voltage Ueo is defined as the voltage between the emitter and the extracting 
electrode necessary to generate the predetermined beam current Ieo- As a 
calibration means, the current source provides the predetermined beam current Ieo 
for the emitter, which causes the emitter voltage Ue to adjust itself to the required 
emitter voltage Ueo- The emitter voltage Ue in turn can be measured to obtain the 
required emitter voltage Ueo- With a known required emitter voltage Ueo, the first 
voltage Ua of the first voltage source can be adjusted to the required emitter voltage 
Ueo- With the first switch S1 switched to connect the first voltage source (voltage 
control mode) and with the first voltage Ua adjusted to the required emitter voltage 
Ueo, the predetermined beam current Ieo is provided as long as the contamination or 
deformation of the emitter or extracting electrode remains small. This way, beam 
current pulses can be generated which not only have a fast rise time but also deliver 
a predetermined beam current Ieo- If the contamination or deformation of the emitter 
or extracting electrode increases over time to change the beam current Ie, the 
calibration procedure can be carried out again. 

[0018] The term "field emitter beam source" according to the invention is to be 
understood in a broad sense. The term includes any device which is capable of 
emitting electrons from a tip of a solid state body into free space, whereby the 
emission is facilitated by an electrical field surrounding the tip of the solid state body. 
The solid state body, preferably a semiconductor material or a metal, is also called 
emitter. The field emitter beam source includes at least one extracting electrode to 
apply an emitter voltage Ue between the emitter and the extracting electrode. The 
emitter voltage Ue preferably generates the electrical field surrounding the tip of the 
emitter to extract electrons from the surface of the emitter into the vacuum. The 
term "field emitter beam source" therefore includes cold field emission beam sources 
as well as thermal field emission beam sources or Schottky field emission beam 
sources, the latter two being heated for operation in addition to the applied electrical 
field. 
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[0019] The field emitter beam source according to the invention includes a 
current source which is capable of providing a predetermined beam current Ieo- In 
one preferred embodiment of the invention, the current source is electrically 
connected with the emitter of the field emitter beam source. In this case, the 
predetermined beam current Ieo is equal to the current of the electrons emitted by 
the emitter. Preferably, the current source is electrically directly connected with the 
emitter, i.e., a DC current can flow from the emitter to the current source. 

[0020] In another preferred embodiment of the invention, the current source is 
electrically connected with the extracting electrode of the field emitter beam source. 
In this case, the predetermined beam current Ieo is equal to the current of the 
electrons intercepted by the extracting electrode. In this case, only the difference of 
the current emitted by the emitter and the current intercepted by the extracting 
electrode is available for an electron beam reaching an anode or a specimen. 
Preferably, the current source is electrically directly connected with the extracting 
electrode, i.e. a DC current can flow from the extracting electrode to the current 
source. 

[0021] Independent of whether the current source is connected with the emitter 
or with the extracting electrode, the current of the current source may be connected 
with a fourth switch S4 to connect or disconnect the current source with/from the 
emitter or the extracting electrode. When disconnected, the source current Is of the 
current source does not interfere with the first voltage source when the first switch 
S1 has connected the first voltage source. 

[0022] In one preferred embodiment of the invention, the current source includes 
a transistor with the drain (or collector) connected with the emitter of the field emitter 
beam source. In this design, the beam current is preferably controlled by a gate- 
source voltage Ugs (or base-emitter voltage) of the transistor. Such a design is 
simple and represents a space saving realization of a current source. 

[0023] The field emitter beam source according to the invention further includes a 
first voltage source for providing a first voltage Ua between the emitter and the 
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extracting electrode to switch on the beam current Ie. This implies that the first 
voltage source increases the emitter voltage Ue between the emitter and the 
extracting electrode when the beam current is to be switched on. Preferably, the 
first voltage source is capable of delivering a higher current than the predetermined 
beam current Ieo of the current source. Therefore, with the first voltage source, the 
beam current Ie can be switched on faster than with a current source due to a faster 
discharging of the unavoidable parasitic capacitances Cp. Preferably, the first 
voltage source is capable of delivering a current which is preferably at least 10 times 
and preferably at least 100 or 1000 times larger than the source current Is of the 
current source without a significant voltage drop. 

[0024] Preferably, the first voltage source is an adjustable voltage source. This 
way, the first voltage source can be adjusted to provide the required emitter voltage 
Ueo between the emitter and the extracting electrode. This way, the field emitter 
beam source can be operated in the voltage control mode and still provide a 
predetermined beam current Ieo as long as no additional contamination of the emitter 
or extracting electrode changes the characteristic voltage-current (V-l) curve of the 
field emitter beam source. 

[0025] The field emitter beam source according to the invention is provided with a 
first switch SI for disconnecting the first voltage source. In a first preferred 
embodiment, the first switch S1 is connected with the emitter and the first voltage 
source to alternately connect or disconnect the first voltage source from the emitter. 
This is advantageous in the case where the extracting electrode is kept at a constant 
potential while the current source is connected with the emitter. In a second 
preferred embodiment of the invention, the first switch SI is connected with the 
extracting electrode and the first voltage source to alternately connect or disconnect 
the first voltage source from the extracting electrode. This is advantageous in the 
case where the emitter is kept at a constant potential while the current source is 
connected with the extractirig electrode. In a third preferred embodiment of the 
invention, the first switch SI is connected with the current source and the first 
voltage source to alternately connect or disconnect the first voltage source. This is 
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advantageous because it minimizes the parasitic emitter capacitance Cp parallel to 
the current source. In all three embodiments, the first switch S1 is preferably used 
to switch quickly from voltage control mode (S1 in ON-state) to current control mode 
(S1 in OFF-state) and vice versa. 

[0026] Preferably, when the first switch S1 is in the OFF-state, the first voltage 
source is electrically disconnected from the emitter (or from the extracting electrode) 
to such a degree that the first voltage Ua essentially does not interfere with the 
current source. In a preferred embodiment of the invention, the first switch SI is a 
transistor where the gate (base-) voltage is used to change the transistor channel 
from low resistance (ON-state) to high resistance (OFF-state) or vice versa. 

[0027] Preferably, the field emitter beam source comprises a second voltage 
source for providing a second voltage Ub between the emitter and the extracting 
electrode to switch off the beam current Ie. Using a voltage source for switching off 
the beam current allows the beam current to be switched off fast. In this way. the 
field emitter beam source can generate beam current pulses with a fast rise time 
and a fast fall time which is a prerequisite for generating short pulses at a high rate. 
Again, the second voltage source can be any device or spot which is able to provide 
sufficient current to maintain the second voltage Ub between the emitter and the 
extracting electrode. Preferably, the second voltage source is capable of delivering 
a current which is preferably at least 10 times and preferably at least 100 or 1000 
times larger than the source current Is of the current source without causing the 
second voltage source to have a significant voltage drop. Preferably, the second 
voltage Ub is smaller than the first voltage Ua in order to reduce the electric field 
between the emitter and the extracting electrode for switching off the beam current. 
In another preferred embodiment of the invention, the second voltage Us is zero. In 
this case, the second voltage source may be the reference voltage Uref to which the 
emitter voltage Ue is referred. 

[0028] Preferably, the field emitter beam source comprises a second switch S2 
for disconnecting the second voltage source. Again, in a first preferred embodiment, 
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the second switch S2 is connected with the emitter and the second voltage source to 
alternately connect or disconnect the second voltage source from the emitter. This 
is advantageous in the case where the extracting electrode is kept at a constant 
potential while the current source is connected with the emitter. In a second 
preferred embodiment of the invention, the second switch S1 is connected with the 
extracting electrode and the second voltage source to alternately connect or 
disconnect the second voltage source from the extracting electrode. This is 
advantageous in the case where the emitter is kept at a constant potential while the 
current source is connected with the extracting electrode. Preferably, the second 
switch S2 is connected with the current source and with the second voltage source 
to alternately connect or disconnect the second voltage source from the current 
source. This is advantageous because it minimizes the parasitic emitter 
capacitance Cp parallel to the current source. 

[0029] Preferably, when the second switch S2 is in the OFF-state, the second 
voltage source is electrically disconnected from the emitter to such a degree that the 
second voltage Ub of the second voltage source essentially does not interfere with 
the source current or with the first voltage source. Again, in a preferred embodiment 
of the invention, the second switch S2 is a transistor where the gate (base-) voltage 
is used to change the transistor channel from low resistance (ON-state) to high 
resistance (OFF-state) or vice versa. 

[0030] In one preferred embodiment, the field emitter beam source comprises a 
fourth switch S4 for disconnecting the current source. Preferably, the fourth switch 
S4 is used to alternately disconnect and connect the current source. With the fourth 
switch S4 disconnecting the current source and the first switch 31 disconnecting the 
second voltage source, the beam current Ie can be switched off without using a 
second voltage source. Further, with the fourth switch S4 disconnecting the current 
source, the current source cannot interfere with the first voltage source and/or the 
second voltage source. 
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[0031] Further, disconnecting the current source provides a means to electrically 
insulate the emitter (or the extracting electrode). In this state, the emitter voltage Ue 
is given by the unavoidable parasitic capacitance Cp and a charge q stored on the 
emitter capacitance (Ue= q/Cp). As will be explained later, the configuration where 
the emitter (or the extracting electrode) is electrically insulated enables the field 
emitter beam source to be operated in a mode where the beam current pulse length 
is controlled by the charge deposited on the parasitic capacitance Cp. 

[0032] Preferably, the field emitter beam source comprises a voltage control unit 
to adjust the first voltage Ua. This way, the first voltage Ua can be adjusted 
automatically to the required emitter yoltage Ueo to generate the predetemnined 
beam current Ieo- Preferably, the voltage control unit is electrically connected with 
the first voltage source to adjust the first voltage Ua. Preferably, the voltage control 
unit is electrically connected with the current source to measure a measured emitter 
voltage Uem at the current source. This way, the voltage control unit can adjust the 
first voltage Ua according to the measured emitter voltage Uem- Preferably, the 
measured emitter voltage value Uem is measured at a time when the beam current of 
the field emitter beam source is controlled by the current source. This way, the 
measured emitter voltage Uem is equal to the required emitter voltage Ueo- 
Preferably, the first voltage source is capable of providing the adjusted first voltage 
Ua for a given time period. During the time period, the field emitter beam source can 
be operated in the voltage control mode to generate beam current pulses with a fast 
rise time and a predetermined beam current Ie. 

[0033] Preferably, the voltage control unit comprises a storing unit to store the 
measured emitter voltage Uem- Preferably, the storing unit stores an analogue 
voltage. The storing of the measured emitter voltage Uem enables the voltage 
control unit to keep the first voltage Ua adjusted for some time period. Preferably, 
the time period is matched to the rate at which the emitter or extracting electrode 
contaminates or deforms. In this case, the field emitter beam source can be 
operated in the voltage control mode where at the same time the beam current of 
the beam current pulses is equal or close to the predetermined beam current. 
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[00341 Preferably, the voltage control unit comprises a third switch S3 to 
determine the time at which the measured emitter voltage Uem is measured. 
Preferably, the third switch S3 is located between the current source and the storing 
unit In order to electrically connect or disconnect the storing unit from the current 
source. This way it is possible to control the time at which the measured emitter 
voltage Uem Is measured and how long it is stored. In particular, preferably, when 
the third switch S3 is in the ON-state, the previously stored measured emitter 
voltage Uem becomes overwritten by a new measured emitter voltage Uem. 

[0035] Preferably, the voltage control unit comprises a sample-and-hold circuit for 
sampling and storing the measured emitter voltage Uem. In one preferred 
embodiment, the voltage control unit comprises an n-channel MOSFET source 
follower whose input side Is connected with the emitter (or extracting electrode) and 
whose output side is connected with a third switch S3. Preferably, if the voltage 
control unit comprises an n-channel MOS-FET source follower, the first voltage 
source comprises a p-channel MOSFET source follower whose input side is 
connected with the third switch S3. 

[0036] In another preferred embodiment, the voltage control unit comprises a p- 
channel MOSFET source follower whose input side is connected with the emitter (or 
extracting electrode) and whose output side is connected with a third switch S3. 
Preferably, if the voltage control unit comprises a p-channel MOS-FET source 
follower, the first voltage source comprises an n-channel MOSFET source follower 
whose input side is connected with the third switch S3. Preferably, the input side of 
the first voltage source is connected with the third switch S3 in order for the first 
voltage Ua to be adjusted according to the measured emitter voltage Uem- 
Preferably, the input side of the first voltage source is further connected with a 
storing capacitance CSH to store a charge according to the measured emitter 
voltage Uem. 

[0037] Preferably, the field emitter beam source is further characterized by 
charge control means to control the switch off time of the beam current Ie. 
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Preferably, the switch off time is determined by a predetermined bearn current pulse 
charge Q emitted by the beam current pulse. Preferably, the charge control means 
provide a means to automatically switch off the beam current pulse when the 
predetermined beam current pulse charge Q has been emitted. This way, each 
beam current pulse can be made to emit essentially the same charge Q independent 
of the beam current fluctuations over time. Further, it is possible that each field 
emitter beam source of an array of field emitter beam sources emits the same beam 
current pulse charge Q independent of mechanical differences of the emitters due to 
manufacturing or contamination. A same charge of the beam current pulses is highly 
advantageous for inspecting or structuring a specimen, since it is mainly the charge 
which defines the structures or which provides information for inspection. 

[0038] Preferably, the charge control means comprise a fourth switch S4 for 
disconnecting the current source. This way, it is possible to insulate the emitter (or 
the extracting electrode). If insulated, the emitter voltage Ue is defined by the 
charge stored on the parasitic capacitance Cp. If the charge is large, the emitter 
voltage Ue may be sufficient for the field emitter beam source to emit a beam current 
Ie. If the field emitter beam source is emitting, the emitter voltage Ue decreases to a 
degree which can be measured. Therefore the fourth switch S4 can be used as a 
means to control the charge emitted by the field emitter beam source. 

[0039] Preferably, the charge control means further comprise a comparator. 
Preferably, the comparator is connected with the emitter (or the extracting electrode) 
to compare the emitter voltage Ue with a predetermined comparison voltage Ucmp- 
Preferably, the comparator is capable of signaling when the emitter voltage Ue has 
decreased below the comparison voltage Ucmp. This way, the charge control means 
automatically signals when a predetermined beam current pulse charge Q has been 
emitted into free space. 

[0040] Preferably, the output of the comparator is connected with the second 
switch S2 to switch off beam current Ie- This way, the comparator can be used to 
automatically switch off the beam current Ie when a predetermined beam current 
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pulse charge Q has left the parasitic capacitance CP. This way, the comparator is 
capable of adjusting the beam current pulse length where each beam current pulse 
contains essentially the same predetermined beam current pulse charge Q, 

[0041] Preferably, the field emitter beam source is an array of field emitter beam 
sources. An array of field emitter beam sources according to the invention can be 
used to generate many electron beams having predetermined beam currents Ieo in 
parallel. Preferably, the current sources of the field emitter beam source have the 
same design. This way, the predetermined beam currents Ieo of the array of field 
emitter beam sources are essentially equal to structure or inspect a specimen with 
electron beams having the same predetermined beam current Ieo- In a preferred 
embodiment of the invention, arrays of field emitter beam sources use the same 
current source to further improve the homogeneity of the predetermined beam 
currents Ieo- 

[0042] Preferably, the array of field emitter beam sources is fabricated using 
CMOS-technology. This way, current sources, voltage sources, switches, the 
voltage control units and/or charge control means can be manufactured using the 
advantages of CMOS-technology. CMOS-technology is a standard process for the 
manufacture of electronic circuits with p-channel field-effect transistors and n- 
channel field-effect transistors onto monolithic silicon substrates with structure sizes 
down to 100 nm or less. This way, it is possible to manufacture densely packed 
arrays of field emitter beam sources where each field emitter beam source has its 
own dedicated current source, voltage sources, switches, voltage control unit and/or 
charge control means. 

[0043] Preferably, the predetermined beam current Ie is in the range between 1 
microampere and 10 picoampere, preferably between 100 nanoampere and 100 
picoampere and even more preferred between 20 nanoampere and 1 nanoampere. 
The small beam current allows the charged particle beam to be focussed to a small 
focus size to provide a high spatial resolution. 
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[0044] Further, the present invention includes a field emitter beam source array 
according to claim 16. The field emitter beam source array according to claim 16 is 
an array of field emitter beam sources integrated onto a semiconductor substrate. 
Therefore, the field emitter beam source array can be fabricated using standard 
microelectronic fabrication methods, which make it possible to integrate thousands 
and even millions of field emitter beam sources onto a single semiconductor 
substrate. 

[0045] According to claim 16, each field emitter beam source comprises a current 
source to provide a predetermined beam current Ieo- This way, each field emitter 
beam source is provided with a means to individually calibrate the field emitter beam 
source, e.g. each field emitter beam source can be provided with a known 
predetermined beam current to obtain the required emitter voltage Ueo- The 
required emitter voltage Ueo in turn is used to operate each field emitter beam 
source in the voltage control mode with a calibrated emission current. Preferably, 
the current source of a field emitter beam source is electrically connected with the 
emitter of the field emitter beam source. 

[0046] Further, according to claim 16, field emitter beam source comprises a first 
switch SI which is connected with a first voltage source to switch on a beam current 
Ie. With the first voltage source, the beam current Ie of each field emitter beam 
source can be switched on fast. Preferably, the first switch SI is electrically 
connected with the emitter of the corresponding field emitter beam source. Further, 
according to claim 16, each field emitter beam source comprises a second switch to 
switch off the beam current Ie- This way, each field emitter beam source can be 
switched off at independent times, which may be used to adjust the beam current 
pulse lengths of the varies field emitter beam sources according to a given emitted 
beam current pulse charge Q. 

[0047] Preferably, the second switch is connected with a second voltage Ub. 
Preferably, the second voltage Ub is at a voltage which is smaller than the first 
voltage Ua in order to switch off the beam current Ie. In a preferred embodiment. 
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each emitter is electrically connected with the current source by means of a fourth 
switch S4. This way, it is possible to disconnect each emitter or extracting electrode 
from the current source. This way, the beam current can be switched off. Further, 
the fourth switch S4 can be used to alternately connect and disconnect the current 
source from the emitter to operate each field emitter beam source in a mode where 
the total charge of each emitter beam current pulse is automatically controlled. 
Automatic control of the beanfi current pulse charge Q of each field emitter beam 
source is essential for large arrays of field emitter beam sources to keep beam 
current pulse control simple. 

[0048] Preferably, each field emitter beam source comprises a voltage control 
unit to adjust the first voltage Ua according to a measured emitter voltage Uem- 
Preferably, the measured emitter voltage Uem is measured at the current source. 
With the measured emitter voltage Uemi the voltage control unit can adjust the first 
voltage Ua to the required emitter voltage Ueo necessary to generate a 
predetermined beam current Ieo- This way, the beam current pulses can made to 
have a predetermined beam current Ieo in the voltage control mode. 

[0049] Preferably, each field emitter beam source comprises a charge control 
means to control the switch off time of the beani current Ie according to a 
predetermined beam current pulse charge Q. This way, each field emitter beam 
source is capable of automatically generating beam current pulses having 
essentially the same beam current pulse charge Q. 

[0050] Preferably, each field emitter beam source comprises an emitter whereby 
each emitter is electrically connected with one of said current sources, one of said 
first switches, one of said second switches, one of said voltage control units, and/or 
one of said charge control means. In this case, the extracting electrode is kept at a 
constant potential. An extracting electrode with a constant potential is 
advantageous for focussing the beam current Ie emitted by the emitter because the 
electric field between the extracting electrode and a collector anode remains stable 
while the emitter is free to adjust the emitter voltage Ue to generate a predetermined 
current. 
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[0051] In one preferred embodiment, the second voltage source is common to dll 
field emitter beam sources. Since the second voltage Ub for switching off the beam 
current Ie is not critical, it is sufficient to use the same second voltage Ub for all field 
emitter beam source. This simplifies the operation of the many field emitter beam 
sources and makes the provision of individual second voltage sources for each field 
emitter beam source obsolete. 

[0052] Preferably, the number of field emitter beam sources of the field emitter 
beam source array is larger than four, preferably, larger than 1000 and even more 
preferred larger than 100.000. The more field emitter beam sources a field emitter 
beam source array comprises, the higher the throughput for inspecting or structuring 
a specimen. The upper limit of the number of field emitter beam sources is mainly 
limited by the adressability of the field emitter beam sources and the size of the chip 
on which the array is integrated. 

[0053] In another aspect of the present invention, an electron beam device is 
provided which comprises at least one of the field emitter beam sources and/or at 
least one field emitter beam source arrays according to any of the preceding claims. 
The electron beam device can be any device which uses one or several of the 
electron beams generated by the field emitter beam sources and/or by the field 
emitter beam source arrays according to the invention to structure a specimen, to 
inspect a specimen or to direct the electron beams towards a screen for display 
purposes. 

[0054] Further, a method for generating beam current pulses is provided 
comprising the steps: 

a) providing a field emitter beam source having at least one emitter 
and at least one extracting electrode; 

b) providing a predetermined beam current Ieo for the emitter; 

c) switching on the beam current Ie by applying a first voltage Ua 
between the emitter and the extracting electrode. 



18 



PATENT 

Attorney Docket No.: ZIMR/0006 
Express Mail No.: EV335471785US 

[0055] With the method according to the invention, it is possible to generate 
beam current pulses with a predetermined beam current Ieo and a fast rise time. For 
example, by applying the first voltage Ua between the emitter and the extracting 
electrode, a fast rise time for a beam current pulse is achieved; then, by providing a 
predetermined beam current Ieo, the beam current pulse can continue with a beam 
current Ie equal to the predetermined beam current Ieo- Preferably, "applying a 
voltage Ua" implies that the voltage is a predetermined voltage generated externally, 
e.g. by some voltage source. 

[00561 In a preferred method, the emitter voltage Ue between the emitter and the 
extracting electrode is measured to obtain a measured emitter voltage Uem. 
Preferably, the first voltage Ua is adjusted to be equal to the measured emitter 
voltage Uem- This way, the first voltage can be adjusted to a value that is close to 
the value needed for a beam current Ie close to the predetermined beam current Ieo- 
Preferably, the emitter voltage Ue is measured at a time when the predetermined 
beam current Ieo is provided for the emitter. This way it is possible to determine the 
required emitter voltage Ueq. This is because with the emitter emitting the 
predetermined beam current Ieo, the emitter voltage Ue adjusts itself to the required 
emitter voltage Ueo- In this case, preferably, the first voltage Ua becomes adjusted 
to the required emitter voltage Ueo- With the first voltage Ua adjusted to the required 
emitter voltage Ueo, it is possible to generate beam current pulses under voltage 
control where each pulse has the predetermined beam current Ieo- "Providing a 
predetermined beam current IEO for the emitter" means that the emitter emits an 
electron beam having a current equal to the predetermined beam current IEO: 

[0057] The method according to the invention includes generating a beam 
current pulse sequence where at first, a predetemiined beam current Ieo for the 
emitter is provided. In this mode, the emitter voltage Ue, i.e. the voltage between 
the emitter and the extracting electrode, adjusts itself to a voltage that allows the 
predetermined beam current Ieo to be emitted into free space. F=>referably, the 
measured voltage Uem is equal to the required emitter voltage Ueo- In this case, 
once the required emitter voltage Ueo is known, the field emitter beam source can be 
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switched from the current control mode to a voltage control mode by applying the 
required emitter voltage Ueo between the emitter and the extracting electrode to 
switch on the beam current. This way, the field emitter beam source is capable of 
generating fast beam current pulses with a predetermined beam current Ieo, as long 
as the contamination of the emitter remains small. As soon as contamination of the 
emitter progresses to change the voltage-current behavior of the field emitter beam 
source again, the field emitter beam source has to be calibrated again by 
determining the required emitter voltage Ueo- 

[0058] Preferably, the beam current Ie is switched off by applying a second 
voltage Ub between the emitter and the extracting electrode. In one preferred 
embodiment, the second voltage Ub is provided by a first voltage source. This way, 
beam current pulses can be switched off fast to provide beam current pulses with a 
fast fall time. This way, beam current pulse sequences can be generated at a high 
frequency. In another preferred embodiment, the second voltage Ub is zero, i.e. 
emitter and extracting electrode are shorted with each other when the beam current 
IE is switched off. 

[0059] Preferably, the predetermined beam current Ieo is provided by means of a 
current source. Preferably, the current source is electrically connected either with 
the emitter or with the extracting electrode. 

[0060] Preferably, the emitter voltage Ue is measured periodically within intervals 
of less than 100 s, preferably less than a second and even more preferred less than 
a millisecond. Further, preferably, the first voltage Ua too is adjusted periodically 
within intervals of less than 100 s, preferably less than a second and even more 
preferred less than a millisecond. Short intervals can provide a frequent update of 
the required emitter voltage Ueo to adjust the first voltage Ua accordingly. With a 
frequent adjustment of the first voltage Ua, it is possible to generate beam current 
pulses with predetermined beam current Ieo in the voltage control mode even when 
the emitter or extracting electrode becomes contaminated or deformed over time 
due e.g. to poor vacuum. 
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[0061] Preferably, between two consecutive adjustments of the first voltage Ua, 
the beam current Ie is switched on at least two times, preferably at least 100 times 
and even more preferred at least 10,000 times. The higher the number of switch on 
and switch off cycles between two consecutive adjustments, the smaller the relative 
loss of time due to the adjustment and the measurement of the required emitter 
voltage Ueo- 

[0062] Preferably, the first voltage Ua is adjusted by means of a voltage control 
unit controlling the first voltage source. Preferably, the voltage control unit 
measures the emitter voltage Ue to obtain a measured emitter voltage Uem and 
stores the measured emitter voltage Uem for the adjustment of the first voltage Ua. 

[0063] Preferably, the method according to the invention includes the steps: 
disconnecting the current source, the first voltage source and the second voltage 
source from the emitter (or the extracting electrode); and switching off the beam 
current Ie when the decreasing emitter voltage Ue has reached a predetermined 
comparison voltage Ucmp- This method can be used to generate beam current 
pulses with a predetermined beam current pulse charge Q. Preferably, the switch 
off of the beam current Ie is initiated by a voltage comparator means comparing the 
emitter voltage Ue with the predetermined comparison voltage Ucmp- 

[0064] Preferably, after switch off, the beam current Ie is reduced by more than 
50 %, preferably by more than 90 % and even more preferred by more than 99 % of 
the predetermined beam current. This implies that the "switched off" beam current Ie 
does not necessarily have to be zero but can also be some other value smaller than 
the "switched on" beam current. This is because it may require a large switching 
voltage AU between emitter and extracting electrode to switch off the beam current 
completely. Providing a large switching voltage AU may increase the rise and fall 
time of the beam current pulses. Therefore, the degree of the beam current switch 
off is a tradeoff between the desire to switch the beam current off completely and 
the maximum switching voltage AU that the user is willing to provide. 
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[0065] Preferably, the first voltage Ua becomes connected or disconnected from 
the emitter or the extracting electrode by means of a first switch S1; further, 
preferably, the second voltage Ub becomes connected or disconnected from the 
emitter or the extracting electrode by means of a second switch S2; and/or, 
preferably, the current source becomes connected or disconnected from the emitter 
or the extracting electrode by means of a fourth switch S4. Switches for connecting 
and disconnecting provide a fast and simple means to electrically separate or 
connect two devices from or with each other. Preferably, the switches are electronic 
devices like transistors. Preferably, the switches are transistors fabricated in 
CMOS-technology. 

[0066] The first voltage Ua, the second voltage Ub, the comparison voltage Ucmp 
and/or the emitter voltage Ue are preferably taken either with reference to the 
voltage of the extracting electrode or with reference to the voltage of the emitter. In 
the first case, the extracting electrode is at a fixed reference potential and the 
voltage at the emitter is adjusted to deliver the desired beam current Ie, while, in the 
second case, the emitter is at a fixed reference potential and the voltage of the 
extracting electrode is adjusted to deliver the desired beam current. Of the two 
possibilities, it is preferred to have the extracting electrode at a fixed potential, since 
a fluctuating emitter produces less electric field disturbances to an electron beam on 
its way to a collector anode than a fluctuating extracting electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[00671 Some of the above indicated and other more detailed aspects of the 
invention will be described in the following description and partially illustrated with 
reference to the figures. Therein: 

[0068] Fig. 1 shows a first field emitter beam source according to the invention 
with a first voltage Ua for switching on the beam current Ie and a second voltage Ub 
to switch off the beam current Ie- 

[0069] Fig. 2a shows a second field emitter beam source according to the 
invention with a voltage control unit to control the first voltage source. 
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[0070] Fig. 2b shows the second field emitter beam source with the voltage 
control unit in more detail. 

[0071] Fig. 2c shows a time diagram of a short beam current pulse sequence 
generated by the field emitter beam source of Fig. 2b. 

[0072] Fig. 2d shows a table with the logical states of the switches S1 , S2 and S3 
used to generate the beam current pulse sequence of Fig. 2c. 

[0073] Fig. 2e shows a time diagram of a long beam current pulse sequence 
generated by the field emitter beam source of Fig. 2b. 

[0074] Fig. 3a shows a third field emitter beam source according to the invention 
with a voltage control unit and charge control means to control the charge of the 
beam current pulses. 

[0075] Fig. 3b shows a time diagram of a short beam current pulse sequence 
generated by the field emitter beam source of Fig. 3a. 

[0076] Fig. 3c shows a time diagram of the emitter voltage Ue in phase with the 
time diagram of Fig. 3b. 

[0077] Fig. 3d shows a table with the logical states of the switches S1, S2, S3 
and S4 used to generate the time diagram of Fig. 3b and 3c. 

[0078] Fig. 3e shows a time diagram of a long beam current pulse sequence 
generated by the field emitter beam source of Fig. 3a. 

[0079] Fig. 4a shows a further field emitter beam source according to the 
invention with a voltage control unit. 

[0080] Fig. 4b shows the characteristic voltage-current (V-l) curve of the field 
emitter beam source used for the circuit of Fig. 4a. 

[0081] Fig. 4c shows a further field emitter beam source according to the 
invention using a charge control means to switch off the beam current pulse. 
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[0082] Fig. 5 schematically shows an array of field emitter beam sources 
according to the invention. 

[0083] Fig. 6a-b disclose two embodiments of a field emitter beam source 
according to the invention with the current source connected (a) with the emitter; 
and (b) with the extracting electrode. 

[0084] Fig. 7a-c disclose three embodiments of a field emitter beam source 
according to the invention with the current source connected with the emitter and 
with different means to switch off the charged particle beam. 

[0085] Fig. 8a-c disclose three embodiments of a field emitter beam sources 
according to the invention with the current source connected with the extracting 
electrode and with different means to switch off the charged particle beam. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
[0086] Fig. 1 illustrates schematically a field emitter beam source 10 according to 
one embodiment of the invention. The source 10 can be a single device or a device 
that is only one of an array of field emitter beam sources, e.g., integrated onto a 
semiconductor substrate 50 (see Fig. 5). The field emitter beam source 10 may be 
any of the known single field emitter beam sources having a single emitter 11, e.g., 
made of silicon or a tungsten wire fashioned into a sharp point, and an extracting 
electrode 19 facing the emitter 1 1 to extract electrons from the emitter tip 21 . 

[0087] The field emitter beam source 10 may or may not include a collector 

anode 17. If the collector anode 17 is included, the collector anode 17 may be any 

conducting body or electrode that can be provided with an electric potential to 

prevent the extracted electrons 25 from being fully absorbed by the extracting 

electrode 19. To do this, the potential of the collector anode 17, during operation, is 

preferably significantly more positive than the potential of the extracting electrode 

19. In Fig. 1, the potential between the extracting electrode 19 and the collector 

anode 17, i.e. the anode voltage Uan, is provided by the fourth voltage source 32. 
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The collector anode 17 may be, for example, a specimen which is provided with a 
positive voltage to attract the extracted electron beam 25. This way, it is possible to 
direct the extracted electron beam 25 onto the specimen to inspect or structure the 
specimen. The collector anode 17 may also be part of the field emitter beam source 
10 and. e.g., be integrated onto the field emitter beam source. For example, the 
collector anode 17 may be an electrode disposed proximate the extracting electrode 
19 to direct the electron beam 25 away from the extracting electrode 19. In order for 
the collector anode 17 to direct the electron beam 25 away from the extracting 
electrode 19. the extracting electrode 19 is usually provided with one or more 
openings 19a through which the electron beam 25 can pass through the plane of the 
extracting electrode 19 to be directed by the potential of the collector anode 17. 

[0088] The extraction of electrons from the surface of a solid body Into vacuum 
by means of a high electric field is a technique well known to a person skilled in the 
art. For the extraction, an electric field of about 10^ V/cm or larger is needed at the 
emitting surface of the solid body. The high electric field narrows a potential barrier 
(Schottky-barrier) between the surface and vacuum which enables the electrons of 
the emitter to tunnel from the surface of the solid body into vacuum. The high 
electric field at the emitting surface is usually achieved by locating an extracting 
electrode close to the emitting surface of the solid body. Further, an increased 
electric field strength is achieved by having the emitting solid body formed in a 
needle-like shape (e.g. like a cone or a pyramid) with a tip having a small curvature 
radius. The smaller the curvature radius of the tip, the higher the electric field. In 
this case, the needle-like solid body would be the emitter 11. and the tip of the 
needle-like solid body would be the emitter tip 21 . The electrons are usually emitted 
at the emitter tip 21 due to the high electric field thereon. 

[0089] The emitter tip 21 can be formed in silicon if the field emitter beam source 
10 is integrated on a semiconductor wafer. However, the emitter tip 11 may also be 
made of other semiconductor material or a metal, e.g. tungsten. In order to avoid 
the use of a high emitter voltage Ue. i.e. the voltage between emitter 11 and 
extracting electrode 19, it is preferred that both the curvature radius of the emitter tip 
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21 and the distance between emitter 11 and extracting electrode 19 are kept small. 
The curvature radius of the emitter tip 21 is typically in the range of a few tens of 
nanometers or smaller. The distance between emitter tip 21 and extracting 
electrode 19 is usually smaller than 10 pm. By using micromechanical processing 
steps, it is possible to manufacture large arrays of field emitter beam sources each 
having a distance between emitter tip 21 and extracting electrode 19 of less than 1 
pm or even less than 0,1 pm. 

[0090] For micromechanically machined field emitter beam sources, the emission 
of beam currents in the range of a few tens of nanoamperes typically requires an 
emitter voltage Ue of a few tens of volts. However, larger distances between emitter 
tip 21 and extracting electrode 19 may require that the emitter voltage Ue be well 
within the range of 100 to 10,000 V for standard beam operation. In the case of Fig. 
1, the third voltage source 30 provides a constant extractor voltage U ex between the 
extracting electrode 19 and the reference voltage Uref- This corresponds to the 
maximum emitter voltage Ue between emitter 11 and the extracting electrode 19 
during operation. The extractor voltage Uex of Fig. 1 represents the dynamic range 
for the emitter 11 to adjust its voltage according to the predetermined beam current 
Ieo. 

[0091] The parameters, materials and geometry of the emitter, extracting 
electrode and collector anode given above are meant to describe typical features of 
field emitter beam sources. They are by no means intended as limiting features of 
the present invention, since the present invention applies to all devices where 
electrons are emitted from a solid body into free space by means of an electrical 
field. 

[0092] In Fig. 1, the extracting electrode 19 is at a fixed extractor voltage Uex, 
while the voltage of the emitter 11 is adjustable depending on the beam current Ie to 
be emitted. Keeping the voltage of the extracting electrode 19 constant has the 
advantage that it keeps the electric field between collector anode 17 and extracting 
electrode 19 essentially untouched by changes of the emitter voltage Ue- This is an 
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important aspect for electron beam devices which need a high focussing quality for 
their electron beams 25. 

[0093] Further, for the sake of simplicity, voltages of the emitter 1 1 mentioned 
below, such as, the emitter voltage Ue, the first voltage Ua, the second voltage Ub 
and the measured emitter voltage Uem, refer to the voltage difference between the 
emitter 1 1 and the extracting electrode 19. 

[0094] The beam current Ie of the field emitter beam source 10 can be controlled 
in three different modes depending on the switching state of the first and second 
switch SI , S2, and on the current Is of the current source 12. 

A) First switch SI^OFF and second switcli S2=OFF 

[0095] If the first switch SI and the second switch S2 are both in the OFF-state, 
the first voltage source 1 3 and the second voltage source 1 5 are disconnected from 
the emitter 11. In this case, the emitter voltage Ue depends on the current Is of the 
current source 12 and on the characteristic voltage-current (V-l) curve of the field 
emitter beam source (see Fig. 2). This mode is also called current control mode. 

[0096] The characteristic voltage-current (V-l) curve of a field emitter beam 
source is usually not known beforehand and hard to predict due to the strong 
dependence of the beam current Ie on the details of the emitter tip and extracting 
electrode surfaces. In addition, the characteristic voltage-current (V-l) curve often 
changes over time due to contamination of the surfaces of the emitter tip 21 and the 
extracting electrode 11 during operation. However, in the current control mode, the 
emitter voltage Ue necessary to emit the predetermined beam current Ieo can be 
measured by measuring the emitter voltage Ue at the emitter 1 1 at a time when the 
emitter 1 1 is provided with the predetermined beam current Ieo- The emitter voltage 
Ue measured at the time when the emitter 11 is provided with the predetermined 
beam current Ieo is also called "required emitter voltage" Ueo- 



B) First switch S1=ON and second switch S2=OFF 
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[0097] When the first switch S1 is switched into the ON-state (while the second 
switch S2 remains in the OFF-state), the first voltage source 13 becomes connected 
with the emitter 11. In this case, the emitter voltage Ue becomes equal to the first 
voltage Ua. which in Fig. 1 is defined by the difference between the voltage 
generated by the third voltage source 30 and the voltage of the first voltage source 
13. Preferably, the first voltage source 13 is an adjustable voltage source which 
implies that first voltage Ua can be adjusted to equal the required emitter voltage Ueo 
as measured in the current control mode. With thie first voltage Ua equal to the 
required emitter voltage Ueo, the emitter 1 1 is made to emit the predetermined beam 
current Ieo under control of a voltage source (voltage control mode). Of course, the 
emitted beam current Ie under voltage control remains constant only as long as no 
additional contamination of the emitter 11 or extracting electrode 19 changes the 
characteristic voltage-current (V-l) curve of the field emitter beam source 10. 

[0098] When the first switch SI is switched into the ON-state, the first voltage 
source 13 also needs to deliver the charging current Ic to provide the first voltage Ua 
across the parasitic capacitance Cp. This may slow down the rise time of a beam 
current pulse. However, if the output resistance of the first voltage source 13 is 
small enough, the rise time is much faster than the rise time of a beam current 
pulse generated with a current source. 

C) First switch S1=OFF and second switch S2=ON 

[0099] When the second switch S2 is switched into the ON-state (while the first 
switch SI remains in the OFF-state), the second voltage source 15 becomes 
connected with the emitter 11. In this case, the emitter voltage Ue becomes equal to 
the second voltage Ub. which in Fig. 1 is defined by the difference between the 
voltage of the third voltage source 30 and the voltage of the second voltage source 
15. The voltage of the second voltage source 15 is chosen to ensure that the 
second voltage Ub is small enough to essentially switch off the beam current Ie- The 
choice of the second voltage Ub is less critical than the choice of the first voltage Ua 
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since the characteristic voltage-current (V-l) curve offers a large voltage range within 
which the beam current Ie is essentially zero. 

[00100] Table I below shows a typical operational sequence for operating the field 
emitter beam source 10 of Fig. 1 : 



Table I 



Time 
line 


S1 


S2 


Control 
mode 


Comment 


t1 


OFF 


OFF 


current 


Calibration: Ie=Ieo and Ue=Ueo; Ueo is measured; 
Ua is adjusted to be equal to Ueo 


t2 


OFF 


ON 


voltage 


Ie is switched off 


t3 


OFF 


OFF 




"Break before Make" 


t4 


ON 


OFF 


voltage 


Ie is switched on for first beam current pulse under 
voltage control 


t5 


OFF 


OFF 




"Break before Make" 


t6 


OFF 


ON 


voltage 


Ie is switched off to end first beam current pulse 
under voltage control 


t4 


OFF 


OFF 




"Break before Make" 


t8 


ON 


OFF 


voltage 


Ie is switched on for second beam current pulse 
under voltage control 


t9 


OFF 


OFF 




"Break before Make" 


t10 


OFF 


ON 


voltage 


Ie is switched off to end second beam current 
pulse under voltage control 



[00101] During time period t1, the field emitter beam source 10 Is in the current 
control mode to calibrate the field emitter beam source 10. The field emitter beam 
source 10 is calibrated by using the current source 12 to provide a predetermined 
beam current Ieo for the emitter 1 1 . The corresponding required emitter voltage Ueo 
across the emitter 11 and the extracting electrode 19 is measured, e.g. by means of 
a voltage measurement device. To finish the calibration, the first voltage Ua is 
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adjusted by adjusting the first voltage source 13 to equal the required emitter voltage 
Ueo. 

[00102] During time period t2, the field emitter beam source is changed into the 
voltage control mode by switching the second switch S2 into the ON-state. The 
beam current Ie is switched off. The series of calibrated voltage controlled beam 
current pulses can begin. 

[001 03J During time period t3, the second switch S2 becomes switched into the 
OFF-state to "break" a connection before a new connection is "made" ("Break before 
Make"). This is to avoid a short between the first voltage source 13 and the second 
voltage source 15 at the moment when first switch SI changes into the ON-state for 
switching on the beam. The "Break before Make" state should be much shorter 
compared to the length of the beam current pulses in order to prevent the emitter 11 
from emitting a beam current Ie due to a discharging of parasitic capacitance Cp by 
Is during this period. 

[00104] During time period t4, the first switch SI is switched into the ON-state to 
apply the adjusted first voltage Ua = Ueo between the emitter 1 1 and the extracting 
electrode 19. This switches the beam current Ie on for a first beam current pulse. 
Due to the calibration, the first voltage Ua is equal to the required emitter voltage 
Ueo, and the emitted beam current Ie is close or equal to the predetemnined beam 
current Ieo- Further, the rise time of the beam current pulse is short due to the 
voltage control. 

[00105] During time period t5, the first switch SI becomes switched into the OFF- 
state to avoid a short between the first voltage source 1 3 and the second voltage 
source 15 ("Break before Make"). 

[00106] During time period t6, the second switch S2 is switched into the ON-state 
again to switch off the beam current Ie to end the first beam current pulse. 

[00107] The sequence of time periods t7, t8, t9 and tlO is a repetition of the 
sequence t3, t4, t5 and t6 to generate a second calibrated beam current pulse. 
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These sequences can be repeated as often as needed and as long as the emitted 
beam current Ie is within a given specification. Once the beam current Ie begins to 
deviate beyond the specification, a new calibration sequence with the t1 and t2 
periods is carried out to adjust the first voltage Ua anew. 

[00108] Fig. 2a shows a second field emitter beam source 10 similar to the one 
shown in Fig. 1 . The main difference to the field emitter beam source of Fig 1 is the 
use of a voltage control unit 14 which is meant to measure and store a measured 
emitter voltage Uem and to adjust the first voltage Ua according to the measured 
emitter voltage Uem- The voltage control unit 14 comprises a third switch S3 and a 
storing unit 14a. The third switch S3 determines at what time the voltage at the 
emitter 11 is electrically connected with the storing unit 14a (S3 in ON-state) and at 
what time It is disconnected from the storing unit (S3 in OFF-state). When the 
storing unit 14a is disconnected, the last analogue voltage value measured at the 
emitter 11 before disconnection is stored in the storing unit 14a. The stored 
analogue voltage value represents the measured emitter voltage Uem- Once the 
third switch S3 is switched back into the ON-state, the stored measured emitter 
voltage Uem becomes overwritten by the new analogue values from the emitter 1 1 . 

[001091 The storing unit 14a of Fig. 2a is connected with the first voltage source 
13 to adjust the first voltage Ua to the measured emitter voltage Uem- In this way, 
the voltage control unit 14 can perform the measurement of the emitter voltage Ue 
and the adjustment of first voltage Ua to the measured emitter voltage Uem by 
activating the third switch S3. 

[00110] Fig. 2b illustrates in more detail a non-limiting example of how the voltage 
control unit 14, the first voltage source 13 and the current source 12 of the field 
emitter beam source 10 of Fig. 2a can be realized. 

[00111] In Fig. 2b, the current source 12 of Fig. 2a is realized by an n-channel 
MOS-FET where the drain D is connected with the emitter 21 and the source S is 
connected with the reference voltage Uref. The current Is of the current source 12 
is controlled by a voltage Uqs applied to the gate G of the n-channel MOS-FET. The 
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current source of Fig. 2b is only a sinnple and space-saving example of a current 
source design, and other designs of a current source can be used as well. 

[00112] The first voltage source 13 in Fig, 2b is realized by a first MOS-FET 
source follower comprising a p-channel MOS-FET 20 with its source connected with 
a further current source 22. The source follower is used to convert a high 
impedance voltage at the gate of the MOS-FET 20, i.e. an input voltage Uin, into a 
low impedance voltage, i.e. the first voltage Ua, at the source of the MOS-FET 20 to 
provide the first voltage Ua at the emitter 11. 

[00113] The voltage control unit 14 is electrically connected with the first voltage 
source 13 to adjust the first voltage Ua according to the measured voltage Uem- The 
voltage control unit 14 in Fig. 2b is realized by a circuit comprising a second source 
follower having an n-channel MOS-FET 16. The source of the n-channel MOS-FET 
16 is connected with a still further current source 18, and the drain is connected with 
a voltage supply Ucc. The input of the second source follower is connected with the 
emitter 11 to sense the emitter voltage Ue- The source of the second source 
follower is further connected with the input of the third switch S3 which is realized by 
a further MOS-FET. The output of the third switch S3 is connected with a sampling 
capacitance Csh and the input of the first voltage source 13, i.e. the gate of p- 
channel MOSFET. 

[00114] The voltage control unit 14 adjusts the first voltage Ua in the following 
way: in a first step, the n-channel MOS-FET source follower senses the emitter 
voltage Ue by converting the high impedance of the measured emitter voltage Uem at 
the emitter 11 to a low impedance signal a the source. This way, the measured 
emitter voltage Uem can be measured without having to load the current source 12 
significantly. The source voltage Usv at the source of the n-channel MOS-FET 16 is 
essentially given by: 



Usv = Uem - (Urn + 5n) 



32 



PATENT 

Attorney Docket No.: Zl MR/0006 
Express Mail No.: EV335471785US 

where Ujn is the threshold voltage and 5n is the over-drive voltage of the n- 
channel MOSFET. If the third switch S3 is switched on, the source voltage Usv is 
connected with the storing capacitance Csh to store a sample and hold charge Qsh 
corresponding to the source voltage Usv- If the third switch S3 switched off again, 
the sample and hold charge Qsh can be stored for about a second at room 
temperature. 

[00115] With the source voltage Usv on the storing capacitance Csh, the p-channel 
MOSFET generates a first voltage Ua at the source of the p-channel MOSFET: 

Ua = Uem - (Ujn + 6n) + (|Utp + 5p|) 

where Uyp is the threshold voltage and 5p is the over-drive voltage of the p- 
channel MOSFET. Since threshold voltages and over-drive voltages can be adjusted 
through the choice of transistor layout and the currents of the respective current 
sources, (Uxn + Sn) and (|Utp + 6p|) can be chosen to be equal independent of their 
respective input voltages. In this case, it holds 

Ua = Uem 

[001161 The third switch S3 used to connect the source with or disconnect the 
source from the sampling capacitance Csh to store the source voltage Usv This 
way, the third switch S3 can be used to determine the time at which the source 
voltage Usv is stored on the sampling capacitance Csh- The third switch S3, 
preferably, is an n-channel MOS-FET which is switched on by applying a positive 
voltage to the gate, and which is switched off by applying a more negative voltage to 
the gate. If the third switch S3 is switched on, the source voltage Usv is applied to 
the storing capacitance Csh- If the third switch S3 is switched off again, the source 
voltage Usv remains stored since the charge on the sample capacitor cannot flow 
away. 
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[00117] Therefore, to a good approximation, the voltage control unit 14 controls 
the first voltage source 13 in a way which ensures that the first voltage Ua is equal to 
the measured emitter voltage Uem- This way. the voltage control unit 14 can be 
used to measure a voltage at the emitter 1 1 to obtain a measured emitter voltage 
Uem which equals the required emitter voltage Ueo- The voltage control unit 14 is 
further capable of making the first voltage source 13 adjust the first voltage Ua to the 
required emitter voltage Ueo- This way, the field emitter beam source 10 can use 
the voltage source 13 to provide the required emitter voltage Ueo necessary to 
generate the predetermined beam current Ieo- 

[00118] The basic idea of the voltage control unit 14 and the first voltage source 
13 in this embodiment is that the voltage drop lUm + 8n| of the n-channel source 
follower whose output is connected with the input of an p-channel source follower is 
compensated by the voltage drop lUjp + 5p| of the p-channel source follower. It Is 
therefore obvious for a person skilled in the art that the same effect is obtained when 
the voltage control unit 14 comprises a p-channel source follower whose output is 
connected with the input of an n-channel source follower of the first voltage source 
13. This way. the voltage-drop lUjp + Dpi of the p-channel source follower of the 
voltage control unit 14 is compensated by the voltage drop [Um + §n| of the n- 
channel source follower of the first voltage source 13. 

[00119] Fig. 2c. for demonstrational purposes, discloses a bearn current pulse 
sequence generated by the field emitter beam source of Fig. 2b. Fig. 2d discloses 
the corresponding sequence of the status of the first switch SI . the second switch 

52 and the third switch S3 for generating the beam current pulse sequence. 

[00120] During time period t1 , the beam current pulse is switched off by applying a 
second voltage Ub to the emitter 1 1 (second switch S2 in ON-state). At the same 
time, the first voltage Ua is disconnected from the emitter 1 1 (first switch S1 in OFF- 
state). The status of the third switch S3 is of no relevance at that time (third switch 

53 in X-state). 
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[00121] During time period t2, the first switch S1, the second switch S2 and the 
third switch S3 are disconnected in order to provide the predetermined beam current 
Ieo for the emitter 11. However, it takes some time (10 ps or more in this example) 
until the current Is generated by the current source 12 is equal to the predetermined 
beam current Ieo emitted into free space by the emitter 11. This is because the 
emitter voltage Ue of the emitter 1 1 needs some time to adjust itself to the required 
emitter voltage Ueo necessary for the emission of the predetermined beam current 
Ieo. The time for the adjustment of the emitter voltage Ue is limited by the size of the 
parasitic capacitance Cp of the emitter that needs to be loaded with the required 
emitter voltage Ueo- In a typical case for a field emitter beam source fabricated with 
micromechanical processing technology, the parasitic capacitance Cp is as low as 
10 fF; the current provided by the current source is typically 10 nA and the voltage 
difference AV between the second voltage Ub and required emitter voltage Ueo is 5 
V. In this case, the rise time of the emitter voltage Ue is At=AV x Ieo/Cp=5 ps. 
Therefore, it takes as least 10 ps until the emitter voltage Ue has adjusted itself to 
the required emitter voltage Ueo needed to generate an electron beam 25 having the 
predetermined beam current Ieo- The slow rise time of the beam current Ie when the 
current source 12 is used to generate a beam current pulse is indicated by the long 
time period t2 on the time axis in Fig. 2c. 

[00122] During time period t3, the third switch S3 is brought into the ON-state in 
order for the voltage control unit 14 to measure the required emitter voltage Ueo at 
the emitter 11. With the third switch S3 switched on, a source voltage Usv = Ueo - 
lUjn + 5n| is stored on the storing capacitance Csh, and the first voltage source 13 
outputs a first voltage Ua = Ueo- lUm + 5n| + lUjp + 5p| = Ueo- 

[00123] During time period t4, the third switch S3 is switched off again to store the 
measured emitter voltage Uem on the sampling capacitance Csh to keep the value of 
the first voltage Ua at a constant required emitter voltage Ueo- 

[00124] During time period t5, the second switch S2 is switched on in order to 
switch off the beam current Ie- Now the calibration of the first voltage Ua is finished, 
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and a sequence of beam current pulses with fast rise and fall times, each beam 
current pulse having a predetermined beam current Ieo, can be started. 

[00125] During time period t6, the first switch S1 is switched on in order to switch 
on the beam current Ie again. The beam current Ie is equal to the predetermined 
beam current Ieo since the first voltage Ua has been calibrated to be equal with the 
required emitter voltage Ueo- The rise time ATr of the beam current pulse is limited 
by the output resistance Roi of the first voltage source 13 and the resistance Rsi of 
the first switch S1 in the ON-state through the relation ATr = (Roi + Rsi) Cp. With a 
sufficiently low output resistance Roi and ON-resistance Rsi. the rise time ATr can 
be made well below 1 ns. Just before the beam current pulse is to be switched off, 
the first switch S1 is switched off again in order to "break" the connection of the first 
voltage source 13 with the emitter 11 before a connection is made with the second 
voltage source 15 ("Break before Make"). This is to avoid a short between the first 
voltage source 13 and the second voltage source 15 during switch off. 

[00126] During time period t7, the second switch S2 is switched on in order to 
switch off the beam current Ie. Like the rise time, the fall time ATf of the beam 
current pulse is limited by the output resistance R02 of the second voltage source 15 
and the resistance Rs2 0f the second switch S2 during the ON-state, i.e. ATf = (R02 + 
Rs2) Cp, and is well below 1 ns. Just before the beam current pulse is to be 
switched on for a new pulse, the second switch S2 is switched off again in order to 
"break" the connection of the second voltage source 1 5 with the emitter 1 1 before a 
new connection is made with the first voltage source 13 ("Break before Make"). Due 
to the short rise time ATr and fall time ATr, the pulse length of the beam current 
pulses can be made short, e.g. much shorter than 100 ns, and the timing of the 
beam current pulses can be freely controlled by the timing of the first switch SI and 
the second switch S2. 

[00127] The time periods t8 and t9 represent a repetition of the time periods t6 and 
t7 to generate a new beam current pulse where the beam current Ie is controlled by 
the first voltage source 13, and the pulse length by the times at which the first switch 
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S1 and the second switch S2 are switched on and off. The series of the voltage 
controlled beam current pulses can be arbitrarily extended by repeating the tinne 
periods t6 and t7. 

[00128] Fig. 2e illustrates an extended sequence of beam current pulse emitters 
by the emitter 1 1 . In this case, the calibration of the first voltage Ua is repeated every 
1000 ms in order to assure that the emitted electron beam pulses have a beam 
current Ie close or equal to the predetermined beam current Ieo- The calibration is 
repeated because the characteristic voltage-current (V-l) curve of the field emitter 
beam source may have changed over time due to e.g. contamination or deformation 
of the emitter 1 1 or extracting electrode 19. In particular, if the vacuum in which the 
field emitter beam source 10 is operated is poor, the contamination rate of the 
emitter 11 or extracting electrode 19 may be so high that a frequent calibration of 
the first voltage Ua is necessary to provide a predetermined beam current Ieo- 

[00129] Fig. 2e Illustrates the case where it is the goal to generate a sequence of 
beam current pulses where each beam current pulse emitted has the same beam 
current pulse charge Q. This is a frequent requirement for electron beam devices 
where the electron beam is scanned over a specimen, and each spot of a specimen 
that Is to be irradiated by the electron beam is to be exposed to the same charge. 
The exposure of the specimen to the same charge is achieved by (a) calibrating the 
field emitter beam source at time intervals of 1000 ms to generate a predetermined 
beam current Ieo, and (b) between calibrations, alternately switching the first switch 
SI and the second switch S2 at constant time intervals to ensure that the pulses 
have the same pulse length. In Fig. 2e, the pulse length of each pulse is 100 ns, i.e. 
the beam current pulse charge Q of each pulse is Q= 100 ns x 10 nA = IfCb. Note 
that In Fig. 2e, the distances between neighboring beam current pulses are 
changing since not every spot but only selected spots on the specimen are meant to 
be irradiated to generate a pattern. 

[00130] However, while the timing of the beam current pulse lengths can be 
controlled well, Fig. 2e also illustrates how the beam current Ie begins to erratically 
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deviate from the predetermined beam current Ieo by beam current differences AIe 
with increasing time from the time of calibration. The beam current differences AIe 
of course change the beam current pulse charge Q of the beam current pulses 
which is why, in this example, a repetition of the calibration cycle every 1000 ms is 
necessary. The calibration rate, however, may be much higher or lower, depending 
on the requirements for the stability of the beam current pulse charge Q, depending 
on the quality of the vacuum or depending on the material and type of the emitter 1 1 
or extracting electrode 19, etc. 

[00131] Fig. 3a illustrates another field emitter beam source 10 according to the 
invention which differs from the one shown in Fig 2a by the additional charge control 
means comprising a fourth switch S4 and a comparator 26. The fourth switch S4 
serves to connect or disconnect the emitter 1 1 from the current source 12. With the 
current source 12 disconnected from the emitter 11, the comparator 26 is used to 
connect the second voltage Ub with the emitter 11 when the emitter voltage Ue has 
dropped below a value given by the predetermined comparison voltage Ucmp- In 
other words, the comparator 26 disrupts a beam current pulse at the moment when 
a predetermined charge Q has been emitted to a degree where the emitter voltage 
Ue has dropped below the comparison voltage Ucmp. This way, it is possible to 
generate beam current pulses of equal beam current pulse charge Q, independent 
of the beam current Ie of each pulse. 

[00132] Fig. 3b, 3c and 3d illustrate how the field emitter beam source of Fig. 3a is 
used to generate a sequence of beam current pulses having the same beam current 
pulse charge Q. Fig. 3b shows the beam current Ie and Fig. 3c the emitter voltage 
Ue as a function of the time T. Fig. 3d illustrates the corresponding switching 
sequence of the first, second, third and fourth switch SI, S2, S3 and S4 during the 
time periods from t1 to t9. 

[00133] In Fig. 3b and 3c, the beam current pulse sequence starts off from the 
situation where, like during the time period t1 in Fig. 2c, the beam current Ie is 
switched off. During this time, the first switch SI is in the OFF-state and the second 
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switch S2 in the ON-state to provide a second voltage Ub between ennitter 1 1 and 
extracting electrode 19. 

[00134] During tinne period t2, the first beam current pulse begins in the same way 
as the calibration pulse of Fig. 2c during the time period 12. During this time, the 
field emitter beam source 10 is operated in the current control mode, i.e. the first 
switch SI and the second switch S2 are in the OFF-state in order to disconnect the 
first voltage source 13 and the second voltage source 15 from the emitter 1 1. At the 
same time, the fourth switch S4 is in the ON-state to provide a predetermined beam 
current Ieo for the emitter 11. Like in Fig. 2c, the rise time ATr of the beam current 
pulse is long due to the parasitic capacitance Cp and the limited beam current Ie. 
After about 10 |js, the beam current Ie has reached the predetermined beam current 
Ieo, which in Fig. 3b is again 10 nA (Fig. 3b), and the emitter voltage Ue has reached 
the required emitter voltage Ueo (Fig. 3c). 

[00135] During time period t3. the required voltage Ueo is measured by means of 
the voltage control unit 14, and the first voltage Ua is adjusted to the required emitter 
voltage Ueo, i e. Ua=Ueo^ The method by which the measurement and the adjustment 
is carried out has already been described in the description of Fig. 2c and 2d. 

[00136] During time period t4 and from that time on, the fourth switch S4 becomes 
switched into the OFF-state in order to disconnect the current source 12 from the 
emitter 11. 

[00137] During time period t5, the second switch S2 is switched into the ON-state 
to switch off the beam current Ie. Now the field emitter beam source is in the voltage 
control mode, and the generation of a beam current pulse sequence under voltage 
control can begin. 

[00138] During time period t6, the first voltage Ua which has been adjusted to the 
required emitter voltage Ueo is switched on for a short time by means of the first 
switch SI . The first voltage Ua serves to provide the required emitter voltage Ueo for 
the emitter 11 to discharge the parasitic capacitance Cp. The discharging needs 
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little time, e.g. less than 10 ns, due to the low output resistance of the first voltage 
source 13, i.e. the charging time is much shorter than it appears in the drawing of 
Fig. 3c. Once the parasitic capacitance Cp has been discharged, the first switch S1 
is switched into the OFF-state, 

[00139] Now a second time period t6' begins during which the first voltage Ua, the 
second voltage Ub and the current source 12 are disconnected from the emitter 11. 
In this state, the emitter 11 emits the charge from the parasitic capacitance Cp to 
keep emitting a current according to the characteristic voltage-current (V-l) curve of 
the field emitter beam source. However, while the beam current Ie continues to be 
emitted, the emitter voltage Ue drops due to the charging of the parasitic 
capacitance Cp by the beam current Ie, as shown in Fig. 3c. 

[00140] The voltage drop of the emitter voltage Ue is used by the comparator 26 of 
Fig. 3a to determine at what time to stop the beam current pulse by comparing the 
emitter voltage Ue with a predetermined comparison voltage Ucmp. Once the emitter 
voltage Ue has dropped below the comparison voltage Ucmp, the comparator forces 
the fourth switch S4 to switch into the ON-state. In the ON-state, the fourth switch 
S4 disconnects the beam current pulse by connecting the second voltage Ub with 
thiB emitter 11. Since the voltage dropAUcMP=UEo-UcMP is the same for every beam 
current pulse of a given field emitter beam source 10, the emitted beam current 
pulse charge Q=AUcMp/Cp is the same even if the field emitter beam source 10 
should change its characteristic voltage-current (V-l) curve over time. The scale for 
the voltage dropAUcMP=UEo-UcMP in Figure 3c, for demonstrational purposes, is 
drawn much larger than in reality. 

[00141] For example, if a contamination of the emitter 1 1 changes the field emitter 
beam source 10 to decrease the beam current Ie for a given emitter voltage Ue, the 
decrease leads to a slower charging of the parasitic capacitance Cp. The slower 
charging results in a longer time period after which the comparator 26 detects the 
required voltage dropAUcMP=UEo-UcMP to switch off the beam current pulse. 
Accordingly, a lower beam current Ie leads to a longer beam current pulse length. 
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This can be seen in Fig. 3b and 3c for the beam current pulse during time period t8 
and t8'. In the case that the beam current Ie increases for a given emitter voltage 
Ue, the opposite takes place, i.e. the beam current Ie increases but the time period 
after which the beam current pulse is switched off Is shorter. This is illustrated in Fig. 
3b and 3c for the beam current pulse after the time period t9. Therefore, while the 
beam current Ie might differ from beam current pulse to beam current pulse, the 
beam current pulse charge Q remains the same for each beam current pulse. 

[00142] The equation Q=AUcMp/Cp, however, is valid only if the time period t6 (or 
t8) is much shorter than the time period t6' (or t8'). However, this is not a problem 
since the discharging of the parasitic capacitance Cp by means of a voltage source 
can be performed within a few nanoseconds or less while the total pulse length is 
usually in the range of a few tens of nanoseconds. 

[00143] During time period t7, the second switch S2 remains in the ON-state to 
keep the beam current switched off. Only at the end of the time period t7, the 
second switch S2 is switched Into the OFF-state in order to prevent a short between 
the first voltage source 13 and the second voltage source 15 ("Break before Make") 
when a new beam current pulse Is to be started. 

[00144] The switching of the first and second switches SI and S2 during the time 
periods t8, t8' and t9 is identical to the switching during the time periods t6. tS'and t7 
to perform a new beam current pulse. Again, the switching cycle of the type t6, 
te'and t7 can be repeated as often as needed. 

[00145] Fig. 3e illustrates an example of a beam current pulse sequence where 
every 1000 ms a new calibration cycle 40 begins. Between two calibration cycles, ' 
the field emitter beam source 10 of Fig. 3a is operated In the voltage mode to 
generate fast beam current pulses synchronized with the time scan units 42 of a 
length of 150 ns. A synchronization of the beam current pulses is used e.g. when 
the electron beam 25 is to be scanned over the. surface of the specimen at equal 
distances to generate a well defined pattern on the specimen. 
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[00146] Due to the charge control means, the second switch S2 switches into the 
ON-state autonnatically; therefore, the field emitter beam source 10 only needs a 
trigger to switch on the first switch S1 at a rate of 1/1 50ns. In addition, a trigger is 
needed to start the calibration every 1000 ms (S3, S4 into ON-state; S1, S2 into 
OFF-state, then S3 into OFF-state). With the charge control means, the beam 
current pulse charge Q of each pulse is the same; accordingly, the length L of each 
beam current pulse is inverse to the beam current Ie of the pulse, i.e. Q=Ie x L. The 
calibration is needed to make sure that the beam current Ie of a beam current pulse 
remains large enough that the lengths of the beam current pulses do not extend 
beyond the time scan unit of 150 ns. 

[00147] Fig. 4a shows a further circuit of a field emitter beam source 10 according 
to the invention. The circuit, like the circuit of Fig. 2b, uses a voltage control unit 14 
to adjust the first voltage Ua to the required emitter voltage Ueo- The circuit is meant 
to be fabricated using CMOS technology to be integrated into a field emitter beam 
source cell of the size of 300 pm^. This way, using CMOS technology, an array of 
highly integrated field emitter beam sources can be fabricated onto a semiconductor 
(silicon) substrate with as many as 300,000 field emitter beam sources on a 10 mm 
X 10 mm chip. 

[00148] The circuit of Fig. 4a meets all of the following specifications: (a) each field 
emitter beam source 10 is controlled by its own voltage control unit 14; (b) the 
switching voltage AV = Ueo-Ub to switch the beam current pulse on and off is smaller 
than 12 V; (c) the rise and fall times for each beam current pulse are smaller than 10 
ns so that beam current pulses with a length as short as 100 ns can be generated 
with a high quality; (d) the predetermined beam current Ieo is about 10 nA; and (e) 
the field emitter beam source array can have more than 10^ emitters per square 
centimeter. 

[00149] The circuit of Fig. 4a comprises the voltage control unit 14 to measure the 
emitter voltage Ue and to control the output voltage of the first voltage source 13. 
Like in Fig. 2b, the voltage control unit 14 comprises a first source follower having 
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an n-channel MOS-FET 16 connected with a current source 18, a third switch S3 
and a storing capacitance Csh to sample and hold the voltage nneasured at the 
emitter 11. At the same time, the voltage stored on the storing capacitance Csh 
adjusts the first voltage source 13 to provide a first voltage Ua for the emitter 11. 
The first voltage Ua can be applied to the emitter by switching on the first switch SI. 
The circuit further comprises a current source 12 which provides a predetermined 
beam current Ieo for the emitter 1 1. The current of the current sources; 12 and 18 is 
controlled by a current source biasing circuit 70. 

[00150] Fig. 4a further discloses a second voltage source 15 providing a second 
voltage Ub for the emitter in the case that the second switch S2 is switched into the 
ON-state. Fig. 4a also shows an equivalent circuit for the collector anode 17, the 
emitter 11 and the extracting electrode 19 (gate). In the equivalent circuit, the 
resistance of the emitter is assumed to be 1 kQ, the capacitance between the 
extracting electrode 19 and the reference voltage "0" is assumed to be 3.45 fF. and 
the capacitance between the extracting electrode 19 and the emitter 11 is assumed 
to be 0.1 fF. Furthermore, an additional capacitance Cp exists between the node 
Uem and the reference voltage "0". 

[00151] The field emitter beam source 10 of Fig. 4a further requires four 
independent voltage sources which act relative to a reference voltage "0": the fourth 
voltage source 32 (+1000 V) for the collector anode, a third voltage source 30 (+15 
V) for the extracting electrode 19, the second voltage source 15 (+12V) for the 
second voltage Ub, and the voltage supply Ucc (+5V) for the first voltage source 13, 
the voltage control unit 14 and the current source biasing circuit 70. When 
compared with the field emitter beam source 10 of Fig. 2b. these voltages translate 
into an anode voltage Dan of 985 V, a maximum emitter voltage Ue of 15 V, and a 
second voltage Ub of 3 V. 

[00152] Fig. 4b shows a characteristic voltage-current (V-l) curve of the emitter- 
extracting electrode system of Fig. 4a. It indicates that the required emitter voltage 
Ueo is 12 V. i.e. a voltage of 12 V between the emitter 11 and the extracting 
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electrode 19 is needed to provide a beam current Ie of 10 nA. Fig. 4b also indicates 
that the beam current Ie is essentially switched off when the emitter voltage Ue is 
smaller than 8V, Therefore, a switching voltage AV of about 4 V (or more) is needed 
at minimum to switch on and off the beam current Ie- The maximum beam current Ie 
of the emitter-extracting electrode system of Fig. 4a is about 75 nA when the emitter 
voltage Ue is at 1 5 V. 

[00153] Fig. 4c shows a circuit of a field emitter beam source 10 with a charge 
control means to control the switch off time of the beam current Ie according to a 
predetermined beam current pulse charge Q. Like in Fig. 4a, the field emitter beam 
source 10 comprises a collector anode at a constant voltage of +1000V, an 
extracting electrode 19 at a constant voltage of +15V and an emitter 11 with an 
emitter voltage Ue depending on the mode and time of operation. In Fig. 4c, like in 
Fig. 4a, the capacitance between the extracting electrode 19 and the emitter 11 is 
O.lfF. 

[00154] The charge control means of Fig. 4c comprise an amplifier 72 connected 
with the emitter 11 to amplify the voltage difference AV(t) = Ue(T=0) - UE(T=t) 
between the emitter voltage Ue at beam current pulse rise time, Ue(T=0), and the 
emitter voltage Ue at a later time UE{T=t). Once the amplified voltage difference 
AV(t) has increased above a voltage determined by the comparison voltage Ucmp, 
the comparator 26 switches the second switch S2 into the ON-state to connect the 
second voltage source 15 with the emitter. With the second voltage source 15 
connected with the emitter 1 1 , the beam current Ie becomes switched off. Since the 
emitter voltage Ue in Fig. 4c increases in proportion to the charge emitted by the 
emitter 1 1 into free space, the time for switching off the beam current Ie is controlled 
by the beam current pulse charge Q. 

[00155] The circuit of Fig. 4c requires, like in Fig. 4a, a fourth voltage source 32 
(+1000 V) for the collector anode, a third voltage source 30 (+15 V) for the extracting 
electrode 19, a second voltage source 15 (+12V) for the second voltage Ub, a 
voltage supply Ucc (+5V) for operating the amplifier 72 and the comparator 26. In 

44 



PATENT 

Attorney Docket No.: Zl MR/0006 
Express Mail No.: EV335471785US 

addition, the circuit of Fig. 4c requires a voltage source for the comparison voltage 
UcMP. The value of the voltage source depends on the applied charge. 

[00156] Fig. 5 schematically shows a field emitter beam source array 60 integrated 
onto a monolithic silicon substrate 50. Each cell of a field emitter beam source 10 
comprises an integrated emitter 11 and an extracting electrode 19. Further, each 
emitter 1 1 of a field emitter beam source 10 is connected with a voltage control unit 
14 of the type as shown in Fig.4a. The voltage control unit 14 is integrated onto the 
silicon substrate 50 using CMOS-process technology using a 0.35 pm process. This 
allows the size of a field emitter beam source cell to be in the range of 17.5 pm x 
17.5 pm. With a chip size of 10 mm x 10 mm, this corresponds to an array of about 
300,000 field emitter beam sources. Of course, a CMOS-process with a minimum 
structure size smaller than 0.35 pm would further allow the number and density of 
the field emitter beam sources of an array to be increased. 

[001571 Fig. 5 further indicates the outside connections of the field emitter beam 
source array 60 to control the operation of each field emitter beam source 10. For a 
voltage supply, a GND-line for zero volts, a line for a second voltage Ub (+12V) for 
switching off the beam current Ie, and a line for a voltage supply Ucc (+5V) are 
provided. Further, a sample clock line is used to control the timing of the switches, 
i.e. when to sample the emitter voltage Ue for calibration, when to start a new beam 
current pulse and when to end a beam current pulse. Further, a data bus is provided 
to address those field emitter beam sources 10 that are to be subjected to a given 
sample clock signal. 

[00158] It is within the scope of the invention that control of the beam current pulse 
charge Q can also be carried out by the comparator 26 without using a current 
calibration. In other words, control of the beam current pulse charge Q can be 
carried out with the field emitter beam source 10 of Fig 3a without having a current 
source 12, a storing unit 14a, a third switch S3 and/or a fourth switch S4. This 
simplifies the circuit of Fig. 3a and its operation considerably. In this case, a beam 
current pulse is switched on by applying a first voltage Ua by switching on the first 
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switch S1 for a short time; then, after the parasitic capacitance Cp has been 
discharged by the first voltage Ua, the first switch S1 is disconnected again. As a 
consequence, the parasitic capacitance Cp charges up due to the beam current Ie 
emitted by the emitter 1 1 until the comparator 26 senses that the emitter voltage Ue 
has dropped to cross the comparator voltage Ucmp- At the moment when the emitter 
voltage Ue crosses the comparator voltage Ucmp, the comparator 26 switches off the 
beam current pulse by switching on the second switch S2. The charge Q emitted by 
such beam current pulse is given by Q = (Ua - UcMp)/Cp, i.e. the beam current pulse 
charge Q is independent of the beam current Ie which therefore does not need any 
calibration. Instead, the beam current pulse charge Q is kept constant by an 
adjustment of the pulse length which determined by the comparator 26. 

[00159] A field emitter beam source therefore, to provide a constant beam current 
pulse charge Q without a beam current calibration, requires an emitter 11, an 
extracting electrode19 to extract a beam current Ie from the emitter, a first voltage 
source 13 for providing a first voltage Ua between the emitter 11 and the extracting 
electrode 19 to switch on the beam current Ie, a second voltage source 15 for 
providing a second voltage Ub between the emitter 11 and the extracting electrode 
19 to switch off the beam current Ie, a first switch SI for disconnecting the first 
voltage Ua between the emitter 11 and the extracting electrode 19. and a 
comparator 26 to switch off the beam current pulse once the emitter voltage Ue has 
passed a given comparator voltage Ucmp- Preferably, the a comparator 26 switches 
off the beam current pulse by switching on the second switch S2 to connect the 
emitter 11 with the second voltage source 15, as shown in Fig. 3a. 

[00160] In Fig. 1, 2a, 2b and 3a, the first switch SI and the current source 12 
connected with the emitter 11 are connected as shown in Fig. 6a, i.e. with the first 
switch SI disconnecting the emitter from the emission voltage source 80, the 
extracting electrode 19 is at a fixed voltage Ufx. while the voltage of the emitter 1 1 is 
free to adjust itself to a voltage required for the emission of the predetermined beam 
current Ieo generated by the current source 12. In this case, the first switch SI is 
positioned to connect/disconnect the emitter 1 1 from an emission voltage source 80 
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to switch on the beam current Ie within a short time. The emission voltage source 80 
defines the voltage between the emitter 1 1 and the extracting electrode when the 
first switch S1 is switched on. The emission voltage source 80 in Fig. 6a may stand 
for several voltage sources that together define the emitter voltage Ue between the 
emitter 11 and the extracting electrode 19. For example, the emission voltage 
source 80 may be a combination of the first voltage source 13 and the third voltage 
source 30 of Fig. 1. Further, since the parasitic capacitance Cp is in parallel with the 
current source 12, the parasitic capacitance Cp in Fig 6a is determined by the 
geometry of the emitter and the circuit. 

[00161] However, a person skilled in the art will realize that the present invention 
also includes a field emitter beam source 10 where the emitter 11 is at a fixed 
reference Ufx, while the voltage of the extracting electrode 19 is free to adjust itself 
to a voltage required for the emission of the predetermined beam current Ieo that is 
generated by the current source 12. This case is shown in Fig. 6b where the current 
source 12 is connected with the extracting electrode 19. In Fig 6b, the first switch SI 
is positioned to connect/disconnect the extracting electrode 19 from the emission 
voltage source 80, e.g. to switch on the beam current Ie within a short time. Since 
the relevant parasitic capacitance Cp is in parallel with the current source 12, the 
parasitic capacitance Cp in Fig 6b is determined by the geometry of the extracting 
electrode 19 and the circuit. 

[00162] Fig. 7a-c show different embodiments of field emitter beam source 10 
according to the invention with different means to switch off the beam current Ie. In 
Fig. 7a, the beam current Ie is switched off by using the second switch S2 to 
electrically connect the emitter 11 with the extracting electrode 19. In this case, the 
second voltage Ub is zero volts. The advantage of this design is that no additional 
voltage source is needed for beam switch off. 

[00163] In Fig. 7b, the beam current Ie is switched off by using the second switch 
S2 to electrically connect/disconnect the emitter 11 with a switching-off voltage 
source 82. The advantage of a design with a switching-off voltage source 82 over 
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the design of Fig. 7a is that the emitter voltage Ue difference between beam current 
switch on and beam current switch off can be kept small. The switching-off voltage 
source 82 in Fig. 7b may stand for several voltage supplies that together define the 
emitter voltage Ue between the emitter 11 and the extracting electrode 19 when the 
field emitter beam source is switched off. For example, the switching-off voltage 
source 82 may be a combination of the second voltage source 1 5 and third voltage 
source 30 of Fig. 1. The switching-off voltage source 82 in Fig. 7b reduces the 
switch off time and the beam current pulse height required for the switching of the 
beam current. 

[00164] In Fig. 7c, the beam current Ie is switched off by using the fourth switch S4 
to disconnect the current source 12 from the emitter 1 1 . This, too, makes a second 
voltage source obsolete. 

[00165] Fig. 8a-c show embodiments of field emitter beam source 10 like in Fig. 
7a-c, with the difference that the current source 12 is connected with the extracting 
electrode 19 while the emitter 11 is at a fixed reference voltage Uref (see Fig. 6b). 
In this case, as shown in Fig. 8a, the beam current Ie can be switched off by using 
the second switch S2 to electrically connect the emitter 11 with the extracting 
electrode 19. In this case, the second voltage Ub is zero volts. The advantage of 
this design is that no additional voltage source is needed for beam switch off. 

[00166] In Fig. 8b, the beam current Ie is switched off by using the second switch 
S2 to electrically connect the second voltage source 15 with the extracting electrode 
19. The advantage of this design is that the emitter voltage Ue difference between 
beam current switch on and beam current switch off can be kept small. 

[00167] In Fig. 8c, the beam current Ie is switched off by using the fourth switch S4 
to disconnect the current source 12 from the extracting electrode 19. This makes a 
second voltage source obsolete for switching off the beam current. 

[00168] While the foregoing is directed to embodiments of the present invention, 
other and further embodiments of the invention may be devised without departing 
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from the basic scope thereof, and the scope thereof is determined by the claims that 
follow. 
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